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Abstract: In the quest of finding the ideal polymer optical fiber (POF) for Bragg grating 
sensing, we have fabricated and characterized an endlessly single mode microstructured POF 
(mPOF). This fiber is made from cyclo-olefin homopolymer Zeonex grade 480R which has a 
very high glass transition temperature of 138 °C and is humidity insensitive. It represents a 
significant improvement with respect to the also humidity insensitive Topas core fibers, in 
that Zeonex fibers are easier to manufacture, has better transmittance, higher sensitivity to 
temperature and better mechanical stability at high temperature. Furthermore, Zeonex has 
very good compatibility with PMMA in terms of dilatation coefficients for co-drawing 
applications. The Zeonex mPOF has a core and cladding diameter of 8.8 µm and 150 µm, 
respectively, with a hole to pitch ratio of 0.4 and a minimum propagation loss of 2.34 ± 0.39 
dB/m at 690.78 nm. We have also inscribed and characterized fiber Bragg gratings (FBGs) in 
Zeonex mPOFs in the low loss 850 nm spectral band. 
©2016 Optical Society of America 
OCIS codes: (130.5460) Polymer waveguides, (060.2280) Fiber design and fabrication, (060.2270) Fiber 
characterization, (060.3735) Fiber Bragg gratings, (060.2370) Fiber optics sensors. 
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1. Introduction 
Polymer optical fibers (POFs) share many of the merits that conventional silica optical fibers 
have for sensing applications such as immunity to electromagnetic interference, small size and 
multiplexing capabilities. POFs have unique features over those of silica fibers for many 
sensing applications. These include high flexibility in bending, non-brittle nature, low 
Young’s modulus, high elastic strain limits and high fracture toughness, giving them great 
potential for fiber Bragg gratings (FBGs) based high strain and acceleration sensing 
applications [1–4]. POFs have also excellent compatibility with organic materials, making 
them ideal candidates for biomedical applications [5–9]. In addition, POFs have very low 
processing temperature and are easy to handle, hence low processing cost and safe 
disposability. Moreover, the integration of metals, insulators and semiconductors structures 
into extended length of polymer fibers have been demonstrated [10,11]. 
Some polymers, such as PMMA, strongly absorb water. As a result, PMMA based 
POFBGs are used for developing humidity sensors as the absorption or desorption of moisture 
leads to a change in refractive index and size of the fiber, both of which contribute to a change 
in Bragg wavelength [12–15]. However, PMMA based POFBGs suffer from strong cross 
sensitivity to humidity when they are used to develop strain and temperature sensors. To 
avoid such cross sensitivity to humidity, POFBGs made from a different class of polymers 
called cyclo-olefin copolymers, such as Topas grade 8007 [16,17], and 5013 [18,19], have 
been used as they have very low affinity to water. In addition to this, cyclo-olefin copolymers 
have good chemical inertness to bases and acids, and many polar solvents as compared to the 
conventional PMMA based POFs. They have also low birefringence and superior moldability 
[20]. Some grades of this class of polymers have high operating temperature, such as Topas 
grade 5013 [18,19]. Nevertheless, it is polycarbonate mPOFs, among currently exiting POFs, 
that have the highest operating temperature, having a glass transition temperature of 145 °C 
though it has affinity to water [21]. 
Here we demonstrate for the first time the fabrication of low loss, endlessly single mode 
and humidity insensitive microstructured polymer optical fiber made of Zeonex grade 480R 
with glass transition temperature (Tg) of 138 °C and also the first FBG inscribed in a Zeonex 
mPOF in the important low attenuation 850 nm region. The polymer Zeonex belongs to the 
class of cyclo-olefin polymers, in particular it is an amorphous homopolymer of norbornene. 
Although they are chemically different, Zeonex 480R shares most of Topas 5013 properties 
mentioned above. The difference in chemical structure lies in the presence of ethylene in 
Topas 5013, which is an amorphous ethylene-norbornene copolymer with a higher percentage 
of norbornene [22]. This makes the fabrication of Zeonex mPOF with micron sized holes and 
the writing of an FBG into it non-trivial, even knowing that a holey THz fiber and a step 
index POF could be fabricated in Zeonex [23, 24]. Our demonstration of low loss mPOF and 
FBG fabrication further underlines the excellent potential of Zeonex POF and mPOFs for 
sensing applications. 
2. Advantages of Zeonex 480R over Topas 5013 
Commercial Zeonex 480R rods have been used in the past not only for the fabrication of 
terahertz fibers [23], but also for multicore composite POFs, which consisted of Zeonex and 
PMMA, as Zeonex has a very good compatibility with PMMA in terms of dilatation 
coefficients for co-drawing applications and processing temperature [24]. Zeonex has also 
been used in the fabrication of drawn metamaterial fibers for the terahertz region [25, 26]. 
Recently, custom cast Zeonex 480R has been used as an optical cladding in the fabrication of 
single mode step index humidity insensitive high temperature Topas 5013 core POF [19]. At 
that point in time, Zeonex was worth using only as a cladding material due to its high material 
loss, despite combining Zeonex with different grades of various materials would have allowed 
obtaining the correct refractive index difference to use it as core material. In this work, the 
casting method has been optimized and the material loss has been significantly reduced as we 
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will show later in the article. This polymer is also suitable for engineering applications 
requiring mechanical stability at high temperature, because of its high Tg [27]. 
When considering fabrication of step index or all solid POFs, the differences between 
Topas and Zeonex are not so evident. Contrary, when micron sized air holes are included in 
the material to create a regular microstructure, the superior drawability of Zeonex over Topas 
5013 results in a clear advantage. It allows for more degrees of freedom in fiber design as the 
desired microstructures can be transferred to the final fiber more efficiently. For example, the 
cladding holes are symmetric with only minor distorted shape compared to Topas 5013 
mPOFs. Due to the better stability of the drawing process, fluctuations in the fiber diameter 
are also reduced. The physical properties of Zeonex 480R are indeed well suited for high 
quality fiber drawing. Even if the Tg of Zeonex 480R is rather close to that of Topas 5013, 
134 °C [28], a preform made of Zeonex ends up to be much easier to draw. This fact is a 
direct consequence of Zeonex greater molecular weight, which represents an average polymer 
chain length. The weight-average molecular weight (Mw) of Topas 5013 was measured to be 
76400 g/mol [22] whereas the Mw of Zeonex 480R is approximately 480000 g/mol [29], 
which is six times larger than that of Topas 5013. The melt flow index that is the flowability, 
of a thermoplastic material in general decreases with increasing Mw [30]. Hence, Zeonex 
480R preforms tend to flow slower than Topas 5013 under similar fiber drawing conditions, 
thereby ensuring highly controllable and stable fiber draw processes. The other important 
advantage of having a higher Mw or a lower melt flow rate is that, it can allow getting a wide 
range of drawing temperature and stress. Thus this wide range of drawing stress enables easier 
tuning of the final mechanical properties of the fiber. Nevertheless, it should be noted that 
either too high or too low values of Mw can make the fiber drawing very challenging or even 
unfeasible. The Mw of Zeonex 480R is sufficiently low to avoid this potential problem. 
Similar information can further be found by direct examination of the melt indices for the two 
polymers in the respective datasheets. At 260 °C the melt volume rate of Topas 5013 is 48 
cm3/10 min if a test load of 2.16 kg is used [28]. For Zeonex 480R the melt flow index is 
instead as low as 21 g/10 min with the same load at an even higher temperature, 280 °C [27], 
where the viscosity decreases when the temperature increases. Notice that, although the latter 
index is expressed in g/10 min, its value should not be numerically far from the corresponding 
melt volume rate datum, as the specific volume of Zeonex is in the range of 1.0-1.1 cm3/g, 
between room temperature and its processing temperatures. 
3. Zeonex preform casting and characterization 
3.1 Preform casting 
We cast commercial Zeonex 480R plastic pellets (Zeon Corporation) into an in-house made 
aluminum mold to produce an optical quality solid rod. The casting conditions were 
optimized in order to enhance the transparency of the Zeonex preform and minimize its 
tendency towards yellowing for long processing time at high temperature. Although moisture 
absorption of Zeonex is lower than 0.01% (ASTM D570, 23°C for 24 hours) [27], preheating 
of the polymer granulates is required. In particular, air trapped in the pellets may form 
bubbles and oxygen driven discoloration in the final preform, which consequently will result 
in higher material losses. The best results were obtained by applying a long and stepwise 
preheating phase. Prior to the melting phase, we preheated the preform under vacuum for 1 
day: first at a temperature well below Tg for 16 hours and then around Tg for 8 hours. This led 
to a low-haze preform having significantly higher clarity than the one fabricated in reference 
[19], where Zeonex 480R could only be used as a cladding material due its elevated 
transmission loss. 
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3.2 Refractive index measurement 
The refractive index (RI) of the Zeonex 480R material used in our experiments was measured 
by using a commercially available ellipsometer VASE (J.A. Woollam). It covers a wavelength 
range of 210-1690 nm with a 5 nm and 10 nm resolutions for the range 210-1000 nm and 
1000-1690 nm, respectively. The Zeonex sample used for the refractive index measurement 
had a disc shape with diameter of 25 mm and 10 mm thickness and with a surface roughness 
of 4.23 ± 0.022 nm. Cauchy model was used to fit the dispersion of the material. Figure 1(a) 
displays a direct comparison between the RIs of our own custom made Zeonex and the 
commercially available Zeonex (Zeon Corporation). The RI measurement was performed at 
25 °C. As it can be seen from Fig. 1(a), our dispersion measurement is relatively close to the 
one obtained from the datasheet. The slight deviation between the two measured RIs could be 
attributed to the different molding and optimization approaches used. 
3.3 Bulk material loss measurement 
Bulk material propagation loss was measured within the interval 500-1600 nm based on a 
modified cut-back technique [21]. A 10 cm long initial cylindrical preform, which was 
prepared in the same way as done for the fiber drawing preform, was machined into an 8-step 
structure, with each step being 1 cm long as shown in the Fig. 1(b) inset. A broadband 
supercontinuum source (SuperK Versa, NKT Photonics) was used as an input light source. 
The beam divergence of the supercontinuum source is less than 5 mrad (half angle) and the 
beam diameter is 1 mm and 3 mm at 530 nm and 2000 nm, respectively. 
 
Fig. 1. (a) Material dispersion of Zeonex 480R. (b) Bulk material optical loss of Zeonex 480R. 
Inset: Zeonex step-like structure fabricated to measure the bulk loss. 
The output light from the preform was collected and coupled to an optical spectrum 
analyzer (OSA, Ando AQ6315A) with a 1 mm core 2 m long multimode silica fiber patch 
cable (M35L02, Thorlabs) via an objective lens (10x, Zeiss). The numerical aperture of the 
MM fiber and the objective lens are 0.39 and 0.25, respectively. We made the measurement 
by recording the transmission spectrum for all step. For every step, we rotated the preform in 
order to record the spectrum at a different point and make sure the consistency of the 
measurement hence to minimize the error arising from possible surface defects on the preform 
or source power fluctuation. The rotation of the preform in every step was repeated five times 
and the final bulk loss is the average of the five measurements. Bulk material optical loss of 
Zeonex 480R is shown in Fig. 1(b).The material loss was relatively low in the visible range 
with a minimum recorded loss of 1.32 ± 0.18 dB/m at 689.98 nm while the minimum material 
loss for PMMA was reported to be 0.15 dB/m at 650 nm [31]. In the 500-880 nm region, the 
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loss was found to be less than 2.54 ± 0.21 dB/m. However, the propagation loss significantly 
increased in the near infrared region as shown in Fig. 1(b). 
4. Endlessly single mode Zeonex mPOF fabrication and characterization 
4.1 Fiber fabrication 
The prepared Zeonex solid rod was first machined into a polymer preform with 100 mm 
length and 60 mm diameter. By using a computer numerically controlled drilling machine, 3 
mm holes with a pitch of 6 mm were drilled by 60° drill in a 3-ring hexagonal arrangement. 
The microstructured preform was then drawn down to a 6 mm cane. The cane was sleeved by 
a Zeonex tube, which was also made in house, and drawn to a fiber of 150 µm average outer 
diameter. Both the cane and the fiber were drawn at a temperature of 180 °C. For this 
temperature, the fiber drawing stress was 10 MPa. The core diameter of the fiber is 8.8 μm 
and the average size of holes diameter and the pitch are 2.2 μm and 5.5 μm, respectively. The 
hole to pitch ratio is 0.4 ensuring the fiber being endlessly single mode [32, 33]. A 
microscope image of the Zeonex mPOF end facet, which was cleaved with a custom made 
cleaver at a temperature of 78 °C of both blade and fiber [34], is shown as inset in Fig. 2(a). 
4.2 Fiber characterization 
4.2.1 Loss measurement 
The transmission loss of the fabricated Zeonex mPOF was measured by cut-back method. 
One end of the Zeonex mPOF was connectorized [34] and connected to the visible 
wavelength output of a SuperK SPLIT (NKT photonics) which was connected to a 
supercontinuum source (SuperK Versa, NKT Photonics). The visible output of the SuperK 
SPLIT ranges from 450 nm to 900 nm. The light from the other end of the Zeonex mPOF was 
directed to a 1 mm core 2 m long multimode silica fiber patch cable via collimating (100x, 
Zeiss) and focusing (10x, Zeiss) objective lenses. The numerical apertures of the collimating 
and focusing lenses are 0.75 and 0.25, respectively, and that of the multimode fiber is 0.36. 
The other end of the fiber patch cable was connected to an OSA to record the Zeonex mPOF 
transmission spectrum. The fiber was cut back from 10 m to 50 cm, recording the 
transmission spectrum over 20 different fiber cuts in order to eliminate uncertainties arising 
from power fluctuations, coupling instabilities and cleaving quality. The measured loss profile 
of the Zeonex mPOF is shown in Fig. 2(a). The minimum loss was found to be 2.34 ± 0.39 
dB/m at 690.78 nm. The fiber attenuation in the wavelength ranging from 550 nm to 875 nm 
is less than 3.2 ± 0.42 dB/m. As it can be seen in Fig. 2(a), the propagation loss of this mPOF 
is much lower than the previously reported microstructured [18], and step index TOPAS 
grade 5013 fibers [19], in particular in the visible region. The loss of our Zeonex mPOF is 
also much lower than the multicore step index POF having a core made of a composite of 
Zeonex 480R and PMMA and which has a lowest loss of 8 dB/m at 633 nm [24]. 
4.2.2 Fiber Bragg grating inscription and characterization 
Fiber Bragg gratings were inscribed in the fabricated Zeonex mPOF in order to explore the 
potential of this fiber for sensing, as to our knowledge, no FBGs have been demonstrated in 
this material before. The grating inscription technique and the configuration setup used in this 
work were the same as the ones described in [36]. The phase mask used for the grating 
inscription in the Zeonex mPOF has a 572.4 nm uniform period, making it suitable for writing 
FBGs in polymers fibers in the low loss 850 nm region using a He-Cd 325 nm laser. The 
optimum inscription power for this fiber was found to be 5.5 mW and the corresponding 
writing time was less than 5 minutes. Inscription power higher than this resulted in weak 
gratings and also damaged the fiber, while inscription power lower than 5.5 mW resulted in 
longer inscription time without any improvement in the FBG strength. The writing time was 
shorter than the shortest writing time of 7 minutes reported for endlessly single mode PMMA 
                                                                   Vol. 7, No. 1 | 1 Jan 2017 | OPTICAL MATERIALS EXPRESS 291 
microstructured POF [36] using 30 mW CW He-Cd laser power. However, it is comparable 
with the inscription time of 4 minutes at a power of 6 mW (CW He-Cd laser) reported for the 
Topas step-index fiber [19], despite the presence of the microstructure which generally affects 
the writing time [37]. However, it is pertinent to note that a writing time as low as 30 seconds 
has been already demonstrated using a pulsed excimer laser in a few mode PMMA mPOF 
[38]. 
 
Fig. 2. (a) Measured transmission loss of  bulk Zeonex 480R (dashed-black), single mode 
Zeonex 480R mPOF (black), single mode Topas 5013 mPOF (blue) [18], and single mode 
Topas 5013 SI-POF (red) [19]. Inset: microscope image of the fabricated Zeonex mPOF.  (b) 
Bragg reflection of the Zeonex mPOF before and after annealing both normalized to the power 
of the non-annealed grating. 
A typical reflection spectrum of a 2 mm long grating inscribed in the Zeonex mPOF is 
shown in Fig. 2(b). The Bragg wavelength is located at 865.24 nm with reflection strength of 
30 dB and a full width half maximum of 0.522 nm. Before humidity, temperature and strain 
characterization, the Zeonex mPOFBG was annealed at 120 °C for 36 hours for stable 
operation of the sensor. After annealing, the grating blue shifted by 33.67 nm. Figure 2(b) 
shows the reflection spectrum of the FBG before and after annealing. Both grating reflection 
spectra, before and after annealing, were recorded with an optical spectrum analyzer and the 
spectra were then normalized to the power of the non-annealed grating. As it can be seen from 
Fig. 3(b) the grating was not degraded by thermal annealing. 
The humidity and temperature responses of the Zeonex mPOFBG were measured using a 
characterization setup as described in [15]. The humidity measurement was done at 50 °C. 
The chamber was programmed to increase the relative humidity (RH) from 10% to 90% with 
a step of 10% RH. The time between each RH step was 1 hour, where 30 minutes was used to 
increase the RH, and 30 minutes was left for stabilization. Figure 3(a) shows the result of this 
process. The total wavelength change observed for the entire process was 60.2 pm and the 
relative humidity sensitivity measured was 0.75 ± 0.42 pm/%RH. The RH sensitivity of 
PMMA mPOFBG in the 850 nm region is 46 pm/%RH, which is 60 times higher than that of 
Zeonex mPOFBG. After reaching the value of 90% RH, the fiber was left inside the chamber 
for 24 hours to further investigate its humidity response. The Bragg wavelength red shifted by 
8 pm in the first 4 hours of the 24 hour period and then blue shifted by 5.8 pm in the 
following 2 hours. These small fluctuations in the Bragg wavelength while the humidity was 
constant were due to the slight instability of the temperature in the chamber with time. The 
Bragg wavelength was almost stable in the remaining 18 hours of the constant 90% RH period 
as it can be seen from Fig. 3(a). 
The temperature characterization was done at a fixed 50% RH by programming the 
chamber to increase the temperature from 20 °C to 100 °C (the maximum stable operating 
temperature of the chamber) and then to decrease it down to 20 °C, with steps of 10 °C 
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gradually within 10 minutes and stabilization time of 60 minutes. Despite the fact that we 
demonstrated the temperature measurement only up to 100 °C, due to the limitation of the 
chamber, it is possible to operate a Zeonex mPOFBG up to 115 – 120 °C as its Tg is 138 °C. 
Figure 3(b) shows the temperature response in the stabilization period for the range 20 °C to 
100 °C at 50% RH. The temperature sensitivity of this fiber is 24.01 ± 0.1 pm/°C for both 
increasing and decreasing temperature. No hysteresis was observed. This is because the 
grating was previously annealed 20 °C higher than the maximum reached temperature. This 
result shows that Zeonex mPOFBG has better temperature sensitivity than that of TOPAS 
5013 mPOFBG [18]. The temperature sensitivity of PMMA mPOFBG in the 1550 nm 
wavelength region is −52 pm/ °C in the range 20 to 89 °C with a grating made in fiber pre-
annealed for 7 hours at 80 °C [39]. 
 
Fig. 3. (a) Humidity response at 50 °C and (b) temperature response at 50% RH of the Zeonex 
mPOFBG. 
The strain response of the Zeonex mPOFBG was studied by mechanically elongating the 
grating and monitoring its reflection spectrum. A supercontinuum source (SuperK Extreme, 
NKT Photonics) was used as a light source and a spectrometer (CCS175-Compact 
Spectrometer, Thorlabs) was used to continuously track the FBG peak during strain test. The 
fiber was clamped and glued to two micro-translation stages, each being two centimeters 
away from the grating. One of the stages was used to apply axial strain to the grating 
manually. Every time a new strain was loaded or unloaded to the grating, 10 minutes was 
given to it to get stable. The fiber was longitudinally strained up to 3% with steps of 0.5%. As 
shown in Fig. 4, the grating shows a linear response with an R-square value of 0.999 with no 
hysteresis. This Zeonex mPOFBG has a strain sensitivity of 0.77 pm/με, for both loading and 
unloading cases. As expected, this value corresponds to the strain sensitivities reported for 
both step index and microstructured Topas 5013 POFBG [18,19] in the range 0-3% strain. In 
the same wavelength region, the strain sensitivities reported for a few [40] and multimode 
PMMA mPOFBG [41] in the range 0-2% and 0-1% strain, respectively, also match the value 
obtained for Zeonex mPOFBG. 
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 Fig. 4. Strain response of the Zeonex mPOFBG at ambient temperature and RH. 
5. Conclusion 
In this work, we have fabricated an endlessly single mode and humidity insensitive mPOF by 
the drill and drawing method. The mPOF was fabricated from norbornene homopolymer 
Zeonex 480R. Zeonex 480R is humidity insensitive and has a glass transition temperature of 
138 °C, making it comparable with the other high operation temperature polymers for optical 
fibers. Two key points are related to the realization of this fiber. On one hand, the 
optimization of the casting method allowed reducing material loss to a level very close to 
other optical polymers, which eventually resulted in low fiber loss. Particularly, it provided an 
optical transmission one order of magnitude better in the short visible wavelengths compared 
to Topas core POFs. On the other hand, the higher molecular weight, compared to the 
ethylene-copolymerized counterpart, allowed for easier fabrication of microstructured fibers. 
Compared to Topas 5013, Zeonex 480R also provides a wider range of drawing temperature 
and stress, which gives more room for tailoring the mechanical properties of the resulting 
fiber to the specific application. The advantage in drawing further ensures a higher 
repeatability of the microstructured fiber in terms of microstructure and diameter. The 
realized mPOF has a core diameter and cladding diameter of 8.8 µm and 150 µm, respectively 
and the minimum measured material and fiber loss are 1.34 ± 0.18 dB/m and 2.34 ± 0.39 
dB/m, respectively, around 690 nm. The measured average material and fiber loss in the 
visible wavelength range are less than 2.5 ± 0.21 dB/m and 3 ± 0.42 dB/m, respectively. A 
fiber Bragg grating was also inscribed in a Zeonex POF for the first time to our knowledge. 
The inscription process took less than 5 minutes with 5.5 mW power using a CW He-Cd laser, 
which we found to be the optimal power to write FBGs in this fiber. Zeonex 480R mPOFBG 
has shown a greater sensitivity to temperature than that of Topas 5013 mPOFBG. 
The improvement in loss compared to Topas fibers allows to access working lengths over 
10 m, required for most of polymer fiber sensors applications. Such achievement opens up the 
way to most of real life applications where the fibers cannot be embedded in water proof 
compounds or in applications where it is not possible to control moisture and the ambient 
conditions. We believe that Zeonex mPOFBGs will replace Topas-based FBGs for 
temperature and strain sensing with no cross sensitivity to humidity and mechanical stability 
at high temperature. Fiber Bragg gratings inscribed in Zeonex mPOFs are particularly suitable 
for engineering applications requiring mechanical stability at high temperature and very low 
moisture absorption. Examples of such applications would span within the automotive and 
composite materials. The low moisture absorption property also enables to realize high 
temperature and strain FBG sensor with no cross sensitivity to humidity. 
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